This paper investigates whether global imbalance in the size of the exchange rates order flow introduces asymmetric linkages. In particular, we study the high frequency volatility spillover between DEM/USD and GBP/USD using multivariate GARCH models over a two-year sample period of 1997 to 1998. The results show significant volatility spillover effects from DEM/USD to GBP/USD, while the feedback from the GBP/USD to DEM/USD is relatively small. We hypothesize that the different sizes of global order flow generated by these two exchange rates may be a major factor that contributes to such asymmetric linkages.
Introduction
The traditional asset market approach to the pricing of exchange rates incorporates all available public information and hence is speculative efficient. However, from the 1990s onwards, new studies suggest that not all exchange rate relevant information is publicly available. For instance, order flow could be one source for private information in the foreign exchange market 1 . Such findings lead us to investigate whether global imbalance in the size of order flow among the major exchange rates introduces asymmetric linkages between them.
In our paper, we test the above hypothesis for DEM/USD and GBP/USD since the difference between the sizes of the global order flow of these two exchange rates is significantly large. Although there are no formal data on the global order flow during our sample period, data from the U.S. Treasury collected by Rime (2001) suggest that weekly average net purchase of mark against the U.S. dollar is roughly three times that of the pound against the U.S. dollar from July 1995 to September 1999. The ratio is in line with that of the global turnover of the two exchange rates in 1995 and 1998 . BIS (2005 estimates that in 1998 DEM/USD took around 20% of global market turnover, while GBP/USD took around 8%. The figures are very similar to the 1995 results. If order flows convey private information, we hypothesize that DEM/USD incorporates more private information relevant to the equilibrium exchange rates than GBP/USD, and this asymmetric information reveals itself in the volatility transmission process, with the greater spillover effects from DEM/USD to GBP/USD.
One novel feature, which differentiates our study from previous work, is that the extant literature fails to consider the cross-currency linkages at high frequency. There are findings that indicate that the foreign exchange market may process information at a much faster speed than on a weekly or daily basis used in most studies. For example, Cheung and Chinn (2001) report that predominant surveyed foreign exchange traders from U.S. hold the view that currency adjusts to major macro news within minutes. Andersen et al. (2003) find that the currency volatility adjusts to macro news within an hour's time. Therefore, it is imperative to study the volatility linkages using high frequency data.
We estimate two complementary multivariate GARCH models. The first model is the VARMAR-GARCH-CCC (VGC) model which is a combination of the VARMAR-GARCH model (see Ling and McAleer, 2003) and the constant conditional correlation model (see Bollerslev, 1990) . The VGC allows direct interpretation of the parameters and Wald tests are conducted to verify the volatility transmission between the exchange rates. The second model is the BEKK (see Engle and Kroner, 1995) model, which is extended to include asymmetric terms (ABEKK).
Although the BEKK model does not allow direct interpretation of the parameters, we use news impact surface (see Kroner and Ng, 1998) to visually depict the asymmetric volatility linkage. We use two years of 10-min frequency indicative data on DEM/USD and GBP/USD provided by Olsen & Associates. Our results suggest the linkage is significant and asymmetric, with DEM/USD imposing much larger impact on GBP/USD.
The rest of this paper is organized as follows. Section 2 provides a review of the literature on the volatility linkage in the foreign exchange market. Section 3 describes the data and seasonal adjustment procedures. Section 4 introduces the two multivariate GARCH models, estimation and diagnostic tests. The empirical results are presented and discussed in Section 5. Finally, Section 6 concludes the paper.
Literature Review
The issue of volatility linkages in the foreign exchange market has been studied from various perspectives. In this section, we group the previous work into three areas, differentiated by their distinctive rationale for volatility transmission in the foreign exchange market. Those are meteor shower, economic integration and information integration theories.
Volatility linkages in the foreign exchange market start to draw attention when Engel et al. (1990) Another related line of research starts to look at the volatility spillover across exchange rates instead of across geographic markets. Baillie and Bollerslev (1991) investigate the Granger causality of the variance across the exchange rates using hourly observations over four major currencies against the U.S. dollar. They find strong evidence for volatility spillover from sterling to yen during the opening hours of the Asian market. Baillie et al. (1993) study the floating period of 1920s when the 'bear squeeze' episodes occurred in the foreign exchange market. Using weekly exchange rates over six currencies against the U.S. dollar, they conclude that some volatility spillover across a few of the exchange rates could be found. Speight and McMillan (2001) look at the daily currencies of the six formerly socialist countries of Eastern Europe for the period of mid 1950s to 1990. There is evidence of volatility spillover across these exchange rates. Although the above papers extend the previous inter-regional spillovers to be significant, own-region spillovers are economically more significant. 3 See e.g., Ito et al. (1992) . 4 See Westerhoff and Wieland (2004) .
studies to multivariate exchange rates, they still consider policy coordination to be the major cause of volatility spillover. This is partly due to the fact that the sample periods examined are dominated by such a factor.
Studies employing more recent data suggest economic integration as a new line of enquiry into the research of volatility spillover across the exchange rates.
Economic integration increases the interactions among regional economies through the flows of international trades and capital. It also leads to financial integration that strengthens the links among the regional financial markets 5 . Exchange rates of the integrated economies would be driven by the common regional economic and financial shocks. For instance, Black and McMillan (2004) according to their speculative demand. In round 3, dealers share overnight risk with their customers and end the day with no net position. In this last round, non-dealer public trades against the dealers with purely speculative motives and dealers need to set prices that attract the customers to absorb their inventory imbalances. In this framework, the optimum quoting strategy of the dealers depends on the public-information induced payoff increments and order flows, the only two channels that convey information. The customers' currency demand is influenced by their portfolio allocation decision that redistributes wealth optimally across all currencies.
However, the customers' decision to rebalance and the actual quantity of the foreign currency are private information. Order flow contains private information of the stochastic portfolio rebalancing that could be motivated by time-varying risk preferences, hedging demands and changed expectations of future economic performance. Although the information is dispersed among all the private agents, it is gradually aggregated and revealed through the medium of order flow. And since other currency markets participants need to absorb the demand change due to the rebalancing, the order flow impact of one currency is persistent on the prices of the other currencies. For instance, Evans and Lyons (2000b) , using daily data, find that the order flows of DEM/USD and CHF/USD enter significantly into the price 7 They are hence independent of public-information induced return shocks.
determination of other six European currencies against U.S. dollar.
In this study, we follow the theory of the information integration as the rationale behind the hypothesis of asymmetric linkage between DEM/USD and GBP/USD exchange rates. Given that they are among the major exchange rates, there should exist strong portfolio balance effect that generates a dynamic volatility linkage between them. At the same time, the private information embedded in each exchange rate may be asymmetric due to the notable global imbalance of order flow generated by these two markets. It is expected that volatility transmission would reveal such asymmetric information dispersion.
3. Data
Exchange Rate Data
The tick-by-tick indicative quotes data are provided by the Olsen and Associate.
Previous studies (see Goodhart et al. 1996 , Danielsson and Payne 2002 and Phylaktis and Chen, 2006 suggest that when the indicative data are aggregated to 5 and 10-min frequency, the statistical difference between these and transaction data (D2000-1 and D2000-2) is negligible. In this study, we use 10-min frequency instead of 5 to accommodate the relatively sparse quotes in early mornings and late evenings. Data employed in this study are generated by taking the average of the closest two quotes immediately before and after each 10-min spaced GMT time. As each quote contains a pair of bid and ask price, the mid price is taken and converted into log price subsequently. The mid log prices of each currency pair are the prices of mark and pound in terms of the U.S. dollar. Returns are calculated as the difference between the log-mid price at times to , excluding the first return of Monday for lack of quotes during weekends. To avoid small values and enhance the estimation of volatility, all returns are multiplied by 10,000.
The sample period in this study is from January 2 of 1997 to December 30 of 1998. Several international financial events drove up the volatility of the foreign exchange markets during this period. In 1997, large currency depreciation spread across East Asia and beyond. In 1998, another crisis hit Russia and led to the bankruptcy of LTCM. The expected launch of euro also added some uncertainty to the markets. Therefore, it would be of interests to look at cross-currency linkages when markets are rich in macro information.
The daily price movements of the two currencies during the sample period are displayed in Figure 1 . The dollar started in 1997 on an appreciating trend against both mark and pound as a result of market expectations of monetary tightening in the U.S.
and no change of monetary policy stance in Germany and the UK. From May to July the dollar moved in opposite directions against the mark and the pound. The further appreciation of dollar against the mark was due to the consensus that the euro would be introduced on schedule. The rise in the value of the pound was due to the enlarged interest rate differential between U.S. and UK. During the summer of 1997, the different price movements came to an end as the optimism in the UK economy waned.
From August to November of 1997, dollar started to depreciate, reflecting the market view that the Asian crisis would have a greater economic impact on the U.S. than on Europe. By January of 1998, market participants were coming to realize that Europe would be more exposed to the Asian crisis than previously thought. Mark was further depressed by the official declarations about interest rate convergence in Europe. From January till August of 1998, both currencies fluctuated between narrow bands against the dollar. In September of 1998, the Russian crisis started to hit the market and pushed the dollar down until October. For the remaining two months, markets digested the shock and began to normalize.
Intraday Seasonal Adjustment
The foreign exchange market is traded on a global continuity, with active trading centres opening and closing at different times of the day. Such a global trading causes seasonality in the intraday return volatilities. Therefore, there is a need to adjust the returns before considering any modelling.
We adopt the seasonal adjustment procedure suggested by Bauwens et al. (2005) and divide each return by its intraday volatility index. Specifically, 10-min average volatilities for each week day are estimated and each return is divided by its corresponding weekday average volatilities Friday to be significantly different from those of the other weekdays.
In Table 1 , the descriptive statistics of the returns of the two exchange rates both before and after seasonal adjustment are presented. As the seasonal adjustment is in effect a return standardization practice, means of both adjusted exchange rates are much closer to zero, and standard deviations of both exchange rates are reduced from around 6 to nearly 1. Skewness and kurtosis are decreased towards normal distribution of 0 and 3 respectively. The slightly higher kurtosis of standardized GBP/USD returns compared to those of DEM/USD indicates a relatively wider distribution of GBP/USD returns in our sample period. Jarque-Bera statistics indicates a significant drop of value towards normal distribution. Although the Ljung-Box Q statistics have been reduced by the standardization, there is still a strong presence of ARCH structure in the adjusted data series.
Methodology
We employ two different multivariate GARCH (MGARCH) models to study the volatility linkage between the two exchange rates. One of the MGARCH model is the VARMA-GARCH-CCC (VGC) model. VGC model is a combination of the VARMA-GARCH model (Ling and McAleer(2003) ) and the constant conditional correlation model (Bollerslev (1990) ). And the other is BEKK model (Engle and Kroner (1995) ), which uses quadratic forms to ensure positive definiteness of the conditional variance under weak conditions. The reason for using two models is that VGC model allows direct interpretation of the estimated parameters, which is difficult in the case of BEKK model. However, VGC is based on univariate GARCH models, and hence lacks the fully dynamic interaction of the BEKK model. Therefore, it is necessary to use both models to avoid the shortcomings caused by employing only one of them.
Specifically, VGC model allows lagged shocks from one GARCH model to affect the conditional variance of the other GARCH model. The interpretation of the estimated parameters is straightforward. However, as a restricted correlation model, VGC model is estimated as separate univariate GARCH models, i.e. the actual estimation is based on two parallel univariate GARCH models estimated at a common range and therefore lacks the full interaction of the elements of covariance matrix and error terms. In contrast, BEKK model allows for volatility transmission and dynamic conditional covariance and correlation structure and hence captures better the volatility linkage between the return series. As the parameters of the BEKK model do not allow direct interpretation due to its quadratic form, we use the 'news impact surface' (see Engle and Ng (1993) and Kroner and Ng (1998) ) to graphically depict the volatility transmission between the exchange rates.
VGC Model
VGC model allows shocks of one market to affect the conditional variances of the other markets in a multivariate system, while assuming the conditional correlations to be constant. The approach is a nonlinear combination of univariate GARCH models, which requires fewer parameters than the BEKK models. However the theoretical results on stationarity, ergodicity and moments are not as straightforward as in other multivariate GARCH models.
To incorporate the interaction of mean returns of both exchange rates into the MGARCH models, we use a VAR system as the mean equation, which also applies to the BEKK model's mean specifications. The specification of a VAR with lag length of 
where and are deseasoned returns of DEM/USD and GBP/USD respectively, The variance terms take the form:
where h is the conditional covariance matrix, μ is the vector of residuals from the mean equation. η is a vector of asymmetric GJR terms (Glosten, et al. (1993) ), i.e.
. ρ is the constant conditional correlation. The conditional covariance of equation (2) is constrained by the product of conditional standard deviations. Although at lower frequency, i.e. daily or weekly, the correlation across currency markets is found to be time varying 10 , we assume at high frequency the correlation to be constant 11 . i and j refer to DEM/USD and GBP/USD respectively.
Specifically, when i = 1, refers to the conditional variance of DEM/USD. When i =1 and j = 2, refers to the conditional covariance of the two exchange rates. 
One should note that the volatility transmission could also occur indirectly through conditional covariance. However, given the assumption of constant correlation and the lack of full interaction in the conditional covariance, we only study the direct impact of conditional variance interactions.
BEKK Model
BEKK model is a special case of the VEC model (Bollerslev et al. (1988) 
where is symmetric and positively definite, H is the conditional covariance matrix and
μ is the innovation vector, and η is a 1 2 × asymmetric GJR terms, i.e.
. In our bivariate case, H is a symmetric 2 2 × matrix. H(1,1) , H(2,2) and H(1,2) are the conditional variance of DEM/USD, GBP/USD and conditional covariance of the two respectively. Engle and Kroner (1995) (1)).
The parameters of A and B in Equation (4) The term 'news impact surface' is first coined by Kroner and Ng (1998) , which is based on univariate method of 'news impact curve' by Engle and Ng (1993) .
Similar to the univariate application, the multivariate generalization of news impact surface plots the one series' conditional variance and covariance against the lagged shocks from the other, while holding the lagged conditional variances and covariances constant at unconditional sample mean levels.
Following Kroner and Ng (1998) 
where μ is the innovation.
Maximum Likelihood Estimation
Both MGARCH models employed in our study are estimated using quasi maximum likelihood (QML) method of Bollerslev and Wooldridge (1992) . Suppose the vector stochastic process with t R T observations is a realization of a DGP whose conditional mean and covariance matrix are approximated by a vector of parametersθ .
The optimization is conducted as:
where is sample likelihood function. For a bivariate normally distributed variable, the conditional log-likelihood function is:
where H and μ follow Equation (1), (2) and (4).
By assuming Gaussian innovations, the QML approach yields persistent estimation under the condition that the conditional mean and covariance matrix are correctly specified. Robust errors are computed that are valid under non-normality (see White, 1982) . The BFGS algorithm with a convergence criterion of 0.00001 is applied to achieve the convergence.
Diagnostic Tests
In this study we employ a multivariate extension of univariate ARCH detecting diagnostics of Ljung-Box portmanteau tests. The multivariate Ljung-Box Q (MLBQ) test of Hosking (1980) gives the test statistics as: 
Empirical Results

Results for VGC Model
The estimated results of VGC (Equation (1) and (2)) are presented in Table 2 .
Panel A of Table 2 displays the coefficient estimation for the mean equation of the VAR(6) system in Equation (1).
is the constant term in the equation for the return of exchange rate i, where
indicates DEM/USD, and 2 indicates GBP/USD.
θ is the coefficient of the lagged return of exchange rate j at lag p in equation for exchange rate i.
In the mean equation for DEM/USD, the autoregressive terms ( The value and significance of constant correlation 12 ρ of 0.3 indicates a low but highly statistically significant contemporaneous correlation between the two exchange rates. In Figure 7 we display the constant correlation against the sample correlation with an arbitrary moving window of 120 observations alongside the conditional standardized residuals for both currencies.
In Panel D the model's fitness is good in terms of the multivariate Ljung-Box Q statistics. The diagnostic tests on the standardized residuals and their squared values are all insignificant. It suggests that there is no autocorrelation in the lagged standardized residuals and ARCH effect in the squared standardized residuals.
Results for BEKK Model
In Table 3 The news impact surface of GBP/USD's conditional variance displays a different pattern (subplot (b) ). The conditional variance of GBP/USD not only responds to its own past shocks, but is also very sensitive to those from DEM/USD.
The highest conditional variance of GBP/USD occurs when shocks from both currencies have opposite signs.
The subplot (c) of Figure 8 summarizes the impact surface of conditional covariance of the two exchange rates. The lowest covariance occurs when the shocks from both currencies take opposite signs, as expected. When both shocks are either positive or negative, the conditional variance reaches higher values. The conditional covariance is however slightly more sensitive to those shocks from DEM/USD as the arched curve over the DEM/USD axis suggests.
In sum, Figure 8 indicates that the there is volatility linkage between the two exchange rates, as each responds to the shocks from the other, without taking asymmetric terms into consideration. However, the volatility transmission is also asymmetric since the conditional variance of GBP/USD is much more sensitive to the shocks from DEM/USD than the reverse, which is in line with the findings from the VGC model. Figure 9 presents the news impact surface with asymmetric terms, i.e. negative return shocks are differentiated from positive ones. The news impact surface of conditional variance of DEM/USD with asymmetric terms is presented in subplot (a) of Figure 9 . The response of DEM/USD is largely unchanged when the shocks from DEM/USD and GBP/USD are both positive. When both exchange rates produce negative shocks, the conditional variance of DEM/USD drops. As the VGC model ( ) suggests, the asymmetric terms of DEM/USD lowers its conditional variance.
When negative shocks from GBP/USD combine with positive DEM/USD shocks, the conditional variance of DEM/USD only responds to those large negative GBP/USD
shocks with values less than minus 1. VGC model suggest that negative GBP/USD shocks ( ) tend to raise conditional variance of DEM/USD, which is also reflected in the impact surface. The news impact surface of conditional covariance ( Figure 9 , subplot (c)) is changed correspondingly. The surface is also the same when the shocks from DEM/USD are positive. However, when the shocks from DEM/USD become negative, the conditional covariance starts to rise significantly, especially when the negative DEM/USD shocks exceed minus 1. It suggests that asymmetric terms, particularly those of DEM/USD, significantly change the conditional covariance into a more dynamic pattern. The raised conditional covariance alongside the axis of GBP/USD suggests that the volatility transmission from GBP/USD is partly compensated through the channel of conditional covariance.
In sum, the Figure 9 indicates that the asymmetric terms enhance the dynamic volatility linkage between the two exchange rates. The conditional variance of DEM/USD becomes sensitive to large negative GBP/USD shocks. At the same time the conditional variance of GBP/USD becomes more sensitive to negative DEM/USD shocks. Although the volatility transmission patterns become more complex and dynamic, the conclusion of asymmetric volatility transmission, i.e., that DEM/USD imposes much larger impact on the conditional volatility of GBP/USD than the reverse, is largely unchanged from the previous analysis of Figure 8 .
Conclusion
This study investigates the dynamic linkages between the DEM/USD and GBP/USD exchange rates in terms of volatility transmission, using high frequency data. We employ two multivariate GARCH models on two years of high frequency exchange rate data to provide evidence on our hypothesis. The empirical results suggest that such linkages are significant and asymmetric, with DEM/USD imposing stronger impact on GBP/USD than the reverse.
Such findings provide further evidence on the possible existence of private information in the foreign markets. As volatilities are linked to information, the asymmetric volatility transmission of the two exchange rates suggests the information may be distributed asymmetrically between them. We hypothesize that, based on the portfolio shift theory of Evans and Lyons (2002b) , the different size of global order flow generated by the two exchange rates as a source of private information, and a possible cause of such an asymmetry. Further study therefore needs to introduce the order flows into the analysis to confirm such a hypothesis. Notes: For the specification of the VGC model refer to equations (1) and (2). C 0i stands for the constant. Θ i,j,k stands for the coefficient of the return of the same currency pair at lag k when .
Otherwise it is the coefficient of the return from other exchange rate. MLBG(k) and MLBG (k) is the multivariate Ljung-Box Q statistics of Hosking (1980) for the standardized and squared standardized residuals with lag k. p-value of each statistic is presented in the brackets. LR is the likelihood ratio. The volatility spillover test is a joint test of whether the coefficients of one exchange rate's residual shock, conditional variance and asymmetric terms are significant in the conditional variance of the other exchange rate. 0 1 / 0 3 / 1 9 9 7 0 1 / 3 1 / 1 9 9 7 0 2 / 2 8 / 1 9 9 7 0 3 / 2 8 / 1 9 9 7 0 4 / 2 5 / 1 9 9 7 0 5 / 2 3 / 1 9 9 7 0 6 / 2 0 / 1 9 9 7 0 7 / 1 8 / 1 9 9 7 0 8 / 1 5 / 1 9 9 7 0 9 / 1 2 / 1 9 9 7 1 0 / 1 0 / 1 9 9 7 1 1 / 0 7 / 1 9 9 7 1 2 / 0 5 / 1 9 9 7 0 1 / 0 2 / 1 9 9 8 0 1 / 3 0 / 1 9 9 8 0 2 / 2 7 / 1 9 9 8 0 3 / 2 7 / 1 9 9 8 0 4 / 2 4 / 1 9 9 8 0 5 / 2 2 / 1 9 9 8 0 6 / 1 9 / 1 9 9 8 0 7 / 1 7 / 1 9 9 8 0 8 / 1 4 / 1 9 9 8 0 9 / 1 1 / 1 9 9 8 1 0 / 0 9 / 1 9 9 8 1 1 / 0 6 / 1 9 9 8 1 2 / 0 4 / 1 9 9 8 0.57 Notes: The news impact surface graphs presented are constructed by using Equation (5) without taking the asymmetric terms into consideration. The X axis represents the shocks from GBP/USD and Y axis for the DEM/USD shocks. The shocks range from -2 to 2 in magnitude. The Z axis is for the conditional variance or covariance accordingly. Notes: The news impact surface graphs presented are constructed by using Equation (5) with the asymmetric terms. The X axis represents the shocks from GBP/USD and Y axis for the DEM/USD shocks. The shocks range from -2 to 2 in magnitude. The Z axis is for the conditional variance or covariance accordingly.
